Wrapping of the myelin sheath around axons by oligodendrocytes is critical for the rapid conduction of electrical signals required for the normal functioning of the CNS. Myelination is a multistep process where oligodendrocytes progress through a well coordinated differentiation program regulated by multiple extracellular growth and differentiation signals. The intracellular transduction of the extracellular signals that regulate myelination is poorly understood. Here we demonstrate a critical role for two important signaling molecules, extracelluar signal-regulated protein kinases 1 and 2 (ERK1/ERK2), downstream mediators of mitogen-activated protein kinases, in the control of CNS myelin thickness. We generated and analyzed two lines of mice lacking both ERK1/ERK2 function specifically in oligodendrocyte-lineage cells. In the absence of ERK1/ERK2 signaling NG2 ϩ oligodendrocyte progenitor cells proliferated and differentiated on schedule. Mutant oligodendrocytes also ensheathed axons normally and made a few wraps of compact myelin. However, the subsequent increase in myelination that correlated myelin thickness in proportion to the axon caliber failed to occur. Furthermore, although the numbers of differentiated oligodendrocytes in the adult mutants were unchanged, they showed an inability to upregulate the transcription of major myelin genes that normally occurs during active myelination. Similarly, in vitro ERK1/ERK2-deficient oligodendrocytes differentiated normally but failed to form typical myelin-like membrane sheets. None of these effects were observed in single ERK1 or ERK2 mutants. These studies suggest that the predominant role of ERK1/ERK2 signaling in vivo is in promoting rapid myelin growth to increase its thickness, subsequent to oligodendrocyte differentiation and the initiation of myelination.
Introduction
Myelination is a multistep process involving the proliferation of oligodendrocyte progenitor cells (OPCs), timely differentiation into postmitotic oligodendrocytes, ensheathment of axons, initiation of myelin wrapping, and finally expansion of myelin sheath during the peak of myelination (Baumann and Pham-Dinh, 2001; Miller, 2002; Emery, 2010) . While many regulators of the early stages of oligodendrocyte development have been identified, the specific signals that control the later phase of myelin growth to increase its thickness remain largely obscure. Understanding this mechanism is clinically relevant since it is unclear why the myelin that is formed during remyelination in multiple sclerosis is thinner than normal (Ludwin and Maitland, 1984; Franklin, 2002) .
Previous studies have implicated the phosphatidylinositol-3-phosphate kinase (PI3K)/Akt pathway in the regulation of myelin thickness. Transgenic mice with overactivation of this pathway display increased myelin thickness (Flores et al., 2008; Goebbels et al., 2010; Harrington et al., 2010) . Conversely, inhibition of mTOR, a downstream target of PI3K/Akt, results in attenuation of this increase (Narayanan et al., 2009) . Furthermore overexpression of insulin-like growth factor-1 (IGF-1) or Neuregulin-1 type III in transgenic mice also results in increased myelin thickness (Carson et al., 1993; Zeger et al., 2007; Brinkmann et al., 2008) . While these growth factors activate the PI3K/Akt pathway they also activate the ERK1/ERK2-mitogen-activated protein kinase (MAPK) pathway (Rubinfeld and Seger, 2005) . Recently, we observed reduced myelin thickness in mice lacking fibroblast growth factor (FGF) receptor-1 and -2 signaling in oligodendrocytes, which was accompanied by reduced activation of ERK1/ERK2, suggesting a strong correlation between ERK/MAPK activation and myelin thickness (Furusho et al., 2012) . Moreover, pharmacological inactivation of ERK1/ERK2 in cultured oligodendrocytes results in attenuated extension of oligodendrocyte processes (Stariha et al., 1997; Younes-Rapozo et al., 2009; Furusho et al., 2012) . These studies raise the possibility that ERK1/ERK2 signaling has a distinct function in mature oligodendrocytes and myelination in vivo, in addition to its role in early events of oligodendrocyte development, including OPC survival, migra-tion, proliferation, and differentiation as suggested by in vitro studies (Bhat and Zhang, 1996; Baron et al., 2000; Yim et al., 2001; Bansal et al., 2003; Fortin et al., 2005; Cui and Almazan, 2007; Frost et al., 2009; Van't Veer et al., 2009; Younes-Rapozo et al., 2009; Fyffe-Maricich et al., 2011; Guardiola-Diaz et al., 2012) .
Since the expression of ERK1 and ERK2 overlaps in mature oligodendrocytes, it is unlikely that single gene deletions will fully reveal the hypothesized function of ERK1/ERK2 signaling in myelination (Fyffe-Maricich et al., 2011) . We, therefore, generated and analyzed two mouse mutant lines lacking both ERK1 and ERK2 from OPCs and oligodendrocytes by conditionally ablating floxed-Erk2 in an Erk1-null background following Cre-mediated recombination in either 2Ј-3Ј-cyclic nucleotide 3Ј-phosphodiesterase (CNP ϩ ) or NG2 ϩ cells. We found that in the absence of ERK1/ERK2 signaling, OPCs were able to withdraw from the cell cycle, differentiate, and initiate myelination normally, but failed to increase myelin thickness in proportion to axon caliber in the spinal cord. This was associated with an inability of mature oligodendrocytes to upregulate the key myelin genes. We propose that ERK1/ERK2 function as late-stage regulators of CNS myelination and that the control of myelin thickness is independent of oligodendrocyte development and initiation of myelin wrapping.
Materials and Methods

Generation of Erk1/Erk2 double knock-out mice. The Erk1
Ϫ/Ϫ mice were originally generated by Dr. P. Gilles Cre/ϩ mice (The Jackson Laboratory; Zhu et al., 2008a,b) to produce progeny in which disruption of Erk1/Erk2 genes occurs in NG2-expressing OPCs even earlier in the lineage than in the CNP-Cre line. To identify the deletion of the Erk1 allele, the following primers were used: 5Ј-CCA ATC TGC TTA TCA ACA CCA CCT GC-3Ј, 5Ј-ACA TGG GAA ACT CTC CTA CCT TG-3Ј, and 5Ј-CCG CTT CCA TTG CTC AGC GG-3Ј. To detect the Erk2 floxed allele the following primers were used: 5Ј-ACA CAG TAT GAG TCT CAT TCC-3Ј and 5Ј-GAA CTT ACT ATG CAC ATC AGG-3Ј. To detect deletion of floxed region of Erk2, the following primers were used: 5Ј-GAA CTT ACT ATG CAC ATC AGG-3Ј and 5Ј-TAG CAG GTG GAT ATC TAA GC-3Ј. Loss of ERK1/ERK2 protein was further confirmed by immunohistochemistry and immunoblotting of spinal cords (data not shown).
Mutant and control mice of either sex were analyzed from the same litters, facilitating comparisons among the genotypes. In addition to Erk1/Erk2 dKO mice, other genotypes, including Erk1 or Erk2 single knock-out mice, were also obtained in the crosses. Initially, all genotypes were analyzed. However, since none of the genotypes (data not shown) except the Erk1/Erk2 dKO showed a phenotype, the other genotypes were grouped as "controls. One possibility is that since NG2-Cre is also expressed in the vasculature throughout the brain as well as in NG2-expressing cells in other tissues (Zhu et al., 2008a,b) , loss of Erk1/Erk2 in nonglial cells might potentially affect the viability of these mice. The early mortality of the Erk1/Erk2-CNP Cre dKO line may be due to peripheral nervous system defects, which are severely hypomyelinated (Newbern et al., 2011; A.I., R.B., unpublished observations) .
Immunolabeling. As described previously (Kaga et al., 2006) cryostat transverse sections (15 m) of cervical spinal cord were cut following overnight fixation in 4% paraformaldehyde (PFA)/PBS and overnight cryoprotection in 20% sucrose/PBS. For myelin basic protein (MBP) immunolabeling sections were delipidated with 100% ethanol for 10 min; washed with PBS (three times, 10 min); blocked (1 h) in 10% normal goat serum (Invitrogen), 5% BSA, and 0.1% fish gelatin; and incubated overnight (4°C) in polyclonal anti-MBP (1: 3000; Dr. E. Barbarese, University of Connecticut), and monoclonal anti-Neurofilament-M (NF-M; 1:200, Millipore Bioscience Research Reagents). Sections were incubated (1 h) with secondary antibodies conjugated to Alexa 488 (1:500; Invitrogen) or Cy3 (1:500; Jackson ImmunoResearch) and nuclei were counterstained with Hoechst blue dye 3342 (1 g/ml; Sigma). To identify proliferating cells, spinal cord sections were subjected to antigen retrieval by 5 min incubation at 95°C in citrate buffer, pH 6.0, and 10 min on the bench, washed with PBS and double-immunolabeled with anti-Ki67 (1:250; BD PharMingen) and anti-Olig2 (1:100; Immuno-Biological Laboratories).
Spinal cord cultures were immunolabeled, as described previously (Furusho et al., 2012; Guardiola-Diaz et al., 2012) with marker antibodies of total oligodendrocyte-lineage cells O4 (1:25; Bansal et al., 1992) or anti-Olig2 (1:50; Immuno-Biological Laboratories), markers of immature oligodendrocyte O1 [1:25; anti-galactocerebroside (GalC)] or HPC7 (1:25) (Baas and Barnstable, 1998 ) (HPC7 antibody labels immature oligodendrocytes similar to O1, Guardiola-Diaz et al., 2012) , and marker of mature oligodendrocyte anti-MBP (1:100; Sternberger Monoclonal).
In situ hybridization. Transverse sections of cervical spinal cord and sagittal sections of hindbrain were prepared as described above and in situ hybridization was performed as previously described (Kaga et al., 2006) using riboprobes specific for proteolipid protein (PLP) mRNA (Dr. W.B. Macklin, University of Colorado School of Medicine, Aurora, CO) and MBP mRNA (Dr. M. Qiu, University of Louisville, KY). Briefly, after incubation in 1 g/ml proteinase K at 37°C for 30 min sections were hybridized overnight at 65°C with digoxigenin-(DIG)-labeled antisense cRNA probe and washed in 50% formamide, 2ϫ SSC, and 1% SDS at 65°C for 2-3 h followed by rinses in 2ϫ SSC, 0.2ϫ SSC at room temperature, and 0.1ϫ SSC at 60°C. After blocking in 1% Tween 20 and 1% normal goat serum (1 h), sections were incubated (2 h) in alkaline phosphatase-conjugated-anti-DIG antibody (1:5000; Roche Diagnostics). Color was developed with 4-nitroblue olium chloride, 5-bromo-4-chloro-3-indolylphosphate and nuclei counterstained with Hoechst blue dye 3342.
Electron microscopy. For ultrastructural analyses, dKO and littermate control mice of either sex were perfused with 4% PFA, 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 (Electron Microscopy Sciences). Cervical spinal cords and cerebellum were postfixed in 1% OsO 4 . Samples were dehydrated through graded ethanol, stained en bloc with uranyl acetate, and embedded in a Poly/Bed812 resin (Polysciences). Thin (1 m) sections were stained with toluidine blue and ultrathin (0.1 m) sections from matching areas of experimental and control tissue blocks were cut and visualized using an electron microscope (JEOL1200CX) at 80 kV. Between 100 and 400 axons were measured per genotype from matched regions of the ventral spinal cord or cerebellar peduncles. Statistical analysis was performed using the Student's t test.
Cell culture. Dissociated cultures of spinal cords, including the cervical and thoracic regions, were prepared individually from Erk1/Erk2-CNP Cre and littermate control pups of either sex at P2. After removing meninges, the spinal cords were chopped with a blade, transferred to 1.5 ml tubes, trypsinized (0.025%) for 30 min at 37°C, gently triturated, and plated at a density of 50,000/cm 2 on polylysine-D-coated 4-well dishes (50 mg/ml; Sigma-Aldrich) in 4% fetal calf serum (FCS)/DMEM. After 17 h, the medium was changed to defined media [DMEM with100 g/ml trans-ferrin, 5.2 ng/ml sodium selenium, 5 g/ml insulin, 8.8 g/ml putrescine, 6 ng/ml progesterone, 10 IU/ml penicillin and 100 g/ml streptomycin (all ingredients from Sigma)] plus 0.5% FCS and cells were grown for up to 13 d with half-medium changes every 2-3 d.
Explant cultures of spinal cords were prepared from individual Erk1/ Erk2-NG2
Cre and littermate control mice of either sex at P2. After meninges were removed, spinal cords were chopped finely with a scalpel and passed through a 500 m nylon mesh filter. The small clusters of cells (Ͻ500 m) that passed through the filter were spun down at 1500 rpm for 2 min, resuspended in 500 l DMEM:F12 ϩ 10% FCS, and plated on coverslips (50 l). After incubation for 1.5 h, 450 l of NbActiv4 culture media (BrainBits) was added to each well. Half-media was changed every 3 d. The coverslips were harvested at 4 d in vitro (DIV).
Quantification of oligodendrocyte membrane and white matter area of the spinal cords. Individual dissociated cultures of six Erk1/Erk2-CNP Cre dKO and seven littermate control pups of either sex were prepared from two separate litters and immunolabeled with anti-MBP to mark mature oligodendrocyte as described above. A total of 100 -150 MBP ϩ oligodendrocytes were measured from 8 to 14 fields of view (10ϫ magnification) from three representative cultures each of control and mutant mice. Before the measurement of oligodendrocyte membrane area by Photoshop CS4, the optional plug-in "PHSPCS4_Cont_LS1" was installed and the scale of each magnification was set. The MBP-stained oligodendrocytes were selected by Quick selection tool and applied to area measurement. For the measurement of white matter area of spinal cords, images from matched sections of spinal cord from control and mutant mice were captured and the lateral ventral regions of the MBP-stained white matter regions were selected by quick selection tool and the area was measured as above.
Quantitative real-time PCR. Total RNA was extracted using the TRIzol reagent (Invitrogen) from spinal cords. One microgram total RNA was reverse transcribed to cDNA using the iScript Synthesis Kit (Bio-Rad) according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was performed using an Eppendorf Master Cycler ep realplex Thermal Cycler and the iQ SYBR Green Supermix (Bio-Rad) according to the man- show that dKO axons are wrapped by thinner layers of myelin, compared with littermate controls. High-magnification images show that the periodicity of myelin is normal in the dKOs. Scale bars: 2 and 0.1 m. C, Quantification of g-ratios of individual fibers in relation to respective axon diameters (presented as scatter plots) at P16 and P28/P30 show decreased myelin thickness in Erk1/Erk2 dKO (pink circles) compared with littermate controls (blue circles). D, Quantification presented as myelin thickness (m) in relation to respective axon diameters shows that in the controls myelin thickness increases in parallel to axon diameter but in the dKO axons of all diameters are wrapped by myelin of similar thickness, which is disproportionately thinner than normal. Approximately 100 -400 axons each were measured from two controls and two dKOs at P16 and two controls and two dKOs pooled from P28 and P30.
ufacturer's instructions. The following primers were used: PLP forward primer,5Ј-GTATAGGCAGTCTCTGCGCTGAT-3Ј;PLPreverseprimer,5Ј-AAGTGGCAGCAATCATGAAGG-3Ј; MBP forward primer, 5Ј-TACCTG GCCACAGCAAGTAC-3Ј; MBP reverse primer, 5Ј-GTCACAATGTTCTT GAAG-3Ј; glyceraldehyde-3-phosphate dehydrogenase (GAPDH ) forward primer, 5Ј-TGTGTCCGTCGTGGATCTG-3Ј; and GAPDH reverse primer, 5Ј-CATGTAGGCCATGAGGTCCACCAC-3Ј. qRT-PCR conditions were as follows: denaturation at 95°C, 30 s; primer annealing at 55.5°C, 30 s; and elongation at 72°C, 40 s. Quantification of PCR products was performed using the 2-⌬⌬Ct method. Quantities of mRNA were normalized to the housekeeping gene GAPDH.
Immunoblotting. Immunoblotting was performed as described previously (Fortin et al., 2005) . Briefly, equal amounts of total proteins from spinal cord homogenates were loaded by SDS-PAGE, transferred to polyvinylidene fluoride membrane, and immunolabeled for PLP (1:1000; M. Lees, Eunice Kennedy Shriver Center, Waltham, MA) and ␤-actin (1: 5000; Sigma) as a loading control.
Results
Myelin sheath thickness is reduced in Erk1/Erk2 dKO mutants
To determine the effect of Erk1/Erk2 disruption on CNS myelination, cervical spinal cord sections from control and Erk1/Erk2-CNP Cre dKO mice at P14 and P30 were immunolabeled for the myelin marker MBP and the axonal marker NF-M (Fig. 1 A) . The MBP-labeled ventrolateral white matter area was measured and found to be significantly diminished in the Erk1/Erk2-CNP Cre dKO mice compared with littermate controls at both ages (Fig.  1 A) . Similar reduction in white matter area was observed at P11/ P13 in the Erk1/Erk2-NG2
Cre dKO (control ϭ 0.64 Ϯ 0.04 mm 2 ; mutant ϭ 0.46 Ϯ 0.08 mm 2 , *p Ͻ 0.05, N ϭ 3-4). Moreover, a striking reduction of MBP expression was observed at P30 and high-magnification images showed less MBP ϩ myelin around NF-M ϩ axons (Fig. 1 A) . To further examine the ultrastructure of myelinated tracks, the spinal cords of Erk1/Erk2-CNP Cre dKO and littermate controls were analyzed at P16 and P28/P30 by electron microscopy (EM). The micrographs showed that the thickness of myelin was reduced in the mutants compared with controls ( Fig. 1 B) . Morphometric quantification of myelin thickness by g-ratio analysis (ratio of individual axon diameters to myelinated fiber diameters) from the ventral cervical spinal cord confirmed a relative reduction in myelin thickness (higher g-ratios, pink circles) in the Erk1/Erk2-CNP Cre mice compared with littermate controls at both ages (Fig. 1C) . At P16 the difference in g-ratios was less pronounced in axons of smaller diameter (Ͻ1 m, p ϭ 8.9 ϫ 10 Ϫ3 ) than larger diameter (Ͼ1 m, p ϭ 4.9 ϫ 10 Ϫ16 ). But by P28/P30 both small diameter (Ͻ1 m, p ϭ 6.6 ϫ 10 Ϫ14 ) and larger diameter (Ͼ1 m, p ϭ 7.3 ϫ 10 Ϫ39 ) axons began to display significant differences in g-ratios suggesting that fibers of all diameters were affected. Similarly, when myelin thickness (m) was plotted as a function of axon diameter (Fig. 1 D) it showed that while in the controls, the myelin thickness increases in proportion with axon diameter as expected; in the dKOs axons of all diameters were wrapped by thin myelin sheaths of similar thickness (0.14 Ϯ 0.05 m, approximately equivalent to 12 compact myelin lamellae, Fig. 1 B) . Importantly, since the ultrastructure and periodicity of compact myelin in the dKO mice were indistinguishable from those of controls (Figure  1 B, bottom) , we conclude that the reduced myelin thickness is a result of fewer myelin wraps.
Proliferation and numbers of OPCs are not affected when ERK1/ERK2 are ablated from NG2
؉ CNP ؉ OPCs in vivo To determine whether the observed hypomyelination in the Erk1/Erk2 dKO arose as a result of defects in proliferation or survival of OPCs, spinal cords from P0 Erk1/Erk2-NG2
Cre and Erk1/Erk2-CNP Cre dKO and their littermate controls were examined by double labeling with the OPC marker, Olig2, and the proliferation marker, Ki67 (Fig. 2 A) . The percentage of proliferating OPCs (Ki67 ϩ /Olig2 ϩ ) and the total numbers of Olig2 ϩ cells were similar between mutant and control animals in both lines of Erk1/Erk2-dKOs, suggesting that the loss of ERK1/ERK2 signaling in NG2 ϩ or CNP ϩ cells does not affect OPC proliferation or survival.
Lack of ERK1/ERK2 signaling does not affect oligodendrocyte differentiation or initiation of myelination
To examine whether loss of Erk1/Erk2 in NG2 ϩ OPCs affected the extent or onset of oligodendrocyte differentiation, the numbers of PLP mRNA ϩ cells that identify mature oligodendrocytes were analyzed in the spinal cords of Erk1/Erk2-NG2
Cre and their littermate controls at P0 and P1 (Fig. 3A) . There was no statistically significant difference in the total numbers of differentiated oligodendrocytes that appeared in the spinal cords of the mutants at P0 (Fig. 3A ; control ϭ 54.2 Ϯ 4.1, dKO ϭ 48.8 Ϯ 5.2, SEM p ϭ 0.43, N ϭ 3) or at P1 (control ϭ 69.3 Ϯ 14.8; dKO ϭ 63.3 Ϯ 11.7, SD, N ϭ 2). This suggests that the loss of ERK1/ERK2 signaling at the NG2 ϩ stage of OPC maturation does not adversely affect oligodendrocyte differentiation in the spinal cord in vivo.
Differentiation of OPCs was also analyzed in explant (Fig. 3B ) and dissociated cultures (Fig. 3C) ( Fig. 3C) Fig. 3B ). Similarly, in dissociated cultures, Erk1/Erk2-CNP Cre dKO oligodendrocytes developed normally and by 5 DIC extended a network of processes (see Fig. 6a-d) . Quantification of the numbers of immature (HPC7 ϩ ) and mature oligodendrocytes (MBP ϩ ) as a percentage of total oligodendrocytelineage cells (O4 ϩ ) showed no change between control and Erk1/Erk2-CNP Cre dKO at 5 DIC (Fig. 3C) . These data suggest that the onset and progression of OPC differentiation occurred normally in cultures of mouse spinal cords from both lines of Erk1/ Erk2 dKO mice, consistent with our in vivo studies. It seems likely that multiple intracellular signaling pathways contribute to the regulation of oligodendrocyte development and their relative contribution depends on temporal and environmental cues. For example, in previous studies inhibition of ERK1/ERK2 in isolated Olig2 ϩ rat brain OPCs using a pharmacological inhibitor reduced the appearance of O4 ϩ and O1 ϩ cells in culture (Guardiola-Diaz et al., 2012) . Several factors may account for this difference. Signals from other neural cells in the culture, absent from the OPC preparation, may stimulate compensatory pathways. Alternatively, deletion of ERK1/ERK2 early in the OPC lineage in the setting of the intact CNS enhances the dependence on alternative signaling pathways that subsequently persist following cell culture.
We next asked whether the initiation of myelin formation was affected by the lack of Erk1/Erk2. In the mouse spinal cord, few axonal fibers are first myelinated in the ventrolateral spinal cord around the time of birth and then gradually increase in numbers with age. Thus, the onset of myelin formation can be examined at early postnatal ages by immune-labeling myelin segments for MBP expression. We therefore immunelabeled matched sections of P0 and P1 spinal cords from Erk1/Erk2-CNP Cre and Erk1/ Erk2-NG2 Cre mice, respectively, with anti-MBP and NF-M (Fig. 3D) . We observed a similar staining pattern of MBP ϩ myelinated fibers in the controls and dKOs, suggesting that the onset of myelin formation was unaltered in both lines of dKOs. This was confirmed by EM analysis of ventral spinal cords at P4, which showed a similar pattern of axonal ensheathment by thin myelin sheaths and similar percentages of myelinated or unmyelinated axons in the Erk1/Erk2-CNP Cre dKOs and littermate controls (Fig. 3E) . Together, we conclude that the terminal differentiation of NG2 ϩ OPCs into oligodendrocytes, the onset of axonal ensheathment, and initiation of myelin wrapping occurred normally in the spinal cords of Erk1/Erk2 dKOs.
The levels of PLP mRNA and MBP mRNA, but not the numbers of oligodendrocytes, are reduced in Erk1/Erk2 dKO We next examined the expression of PLP and MBP mRNA by in situ hybridization at P14 and P30 in the spinal cords of Erk1/Erk2-CNP Cre and littermate control mice (Fig. 4) . While the total number of oligodendrocytes (PLP mRNA ϩ cells) remained the same in controls and dKOs, the intensity of PLP mRNA signal was markedly reduced in the mutant oligodendrocytes suggesting a decrease in the amount of mRNA expressed per oligodendrocyte (Fig. 4 A) . The levels of PLP protein were also reduced in the dKO compared with controls (Fig. 4 B) . Further, the MBP mRNA signal intensity showed a dramatic reduction in both the Erk1/Erk2-CNP Cre and Erk1/ Erk2-NG2
Cre mice compared with their littermate controls (Fig. 4C) . Quantification of mRNA levels by qRT-PCR showed a significant reduction in the expression of both PLP and MBP transcripts in the mutant spinal cords compared with controls (Fig. 4 D) substantiating the in situ hybridization analysis.
To investigate whether ablation of Erk1/2 also affected other regions of the CNS, we analyzed the expression of MBP and PLP mRNA in the cerebellum and brainstem of the P30 Erk1/Erk2-CNP Cre mice and littermate controls (Fig. 5 A, B) . As observed in the spinal cord, the intensity of MBP and PLP mRNA expression was reduced in these regions of the mutant CNS compared with controls. Along with the reduced expression of major myelin gene in oligodendrocytes, EM analysis (g-ratios) showed that myelin thickness of all diameter axons was significantly reduced in the cerebellum of P30 Erk1/Erk2-CNP Cre mutant mice compared with controls (Fig. 5C,D) , indicating that the effect of ERK1/ERK2 signaling on myelin gene expression and myelin assembly is more generalized and not just specific to the spinal cord.
Together, we conclude that the reduction in myelin thickness in Erk1/Erk2 dKO is not caused by reduction in the numbers of OPCs or oligodendrocytes but by a reduction in the myelinogenic potential of each oligodendrocyte to produce myelin, suggested by the reduced transcription of major myelin genes by mutant oligodendrocytes.
Formation of myelin-like-membranes by mature oligodendrocytes is attenuated in cultures of Erk1/Erk2 dKO spinal cords
Maturation of oligodendrocytes in dissociated cultures of spinal cords is characterized first by the expression of MBP and the formation of a complex network of processes that are spread evenly around the oligodendrocyte cell body (Fig. 6 a,c) , similar to that commonly observed in cultures of purified rat brain mature oligodendrocytes (Guardiola-Diaz et al., 2012, Fig. 1 ). This stage is followed by the elaboration of extensive myelin-like- membranes, from a cell body on one side (Fig. 6e,g ), a stage of maturation which is rarely achieved by isolated rat brain oligodendrocytes. Therefore, as a correlate to reduced myelin membrane extension observed in vivo, we examined the effect of Erk1/ Erk2 disruption on myelin-like-membrane formation by oligodendrocytes in dissociated primary cultures initiated from spinal cords of newborn Erk1/Erk2-CNP Cre and littermate control mice (Fig. 6) . We found that by 5 DIC mutant oligodendrocytes acquired MBP expression and formed a network of processes like controls, suggesting that the initial stages of oligodendrocyte maturation are not affected by the genetic loss of ERK1/ERK2 (Fig. 3 B, C, Fig. 6a-d) . This is consistent with our previous study where pharmacological inhibition of ERK1/ERK2 signaling in isolated rat brain oligodendrocyte cultures also showed no affect on the maturation of O1 ϩ oligodendrocytes to the MBP ϩ stage [Guardiola-Diaz et al., (2012) , Fig. 3 ; note that since isolated rat oligodendrocytes in culture do not attain an equivalent maturation state as spinal cord oligodendrocytes in dissociated cultures or myelinating oligodendrocytes in vivo, the Guardiola-Diaz et al., (2012) study was not able to address the role of ERK1/ERK2 in myelin membrane growth].
Spinal cord cultures examined from the control and dKOs at later time points showed that by 8 DIC control MBP ϩ oligodendrocytes started to elaborate membranes; however, the dKO oligodendrocytes were unable to either make membranes or made membranes of smaller size compared with controls (Fig. 6i, 8  DIC) . At 13 DIV the difference between dKO and controls persisted and became even more pronounced (Fig. 6e-j) , suggesting that as in vivo the reduction in membrane formation by mutant oligodendrocytes was not due to a delay in the maturation of oligodendrocytes. At all time points examined, the cultures remained viable, as normal noncondensed nuclei were visible in the cell bodies of MBP-labeled oligodendrocytes in both control and mutant cultures (Fig. 6a-h) . We conclude that ERK1/ERK2 is not critical for the differentiation and initiation of oligodendrocyte process extension, but is essential for subsequent elaboration of myelin-like membranes.
Discussion
Previous in vitro and Erk2 single-knock-out studies have implicated ERK/MAPK signaling in oligodendrocyte development. Unexpectedly, we found that ERK1/ERK2 signaling in OPCs becomes dispensable for their proliferation and differentiation in the postnatal CNS once they reach the NG2 ϩ stage of maturation. However, these studies have revealed a novel function of ERK1/ERK2 as a key late-stage regulator of myelination. Specifically, mice lacking ERK1/ERK2 generated normal numbers of oligodendrocytes, which initiated myelination on schedule. However, they failed to upregulate key myelin proteins and increase myelin sheath thickness, thus genetically uncoupling initiation of myelination from the later phase of continued myelination in proportion to axon diameter.
During the active phase of myelination there is a dramatic increase in the myelinogenic potential of each oligodendrocyte characterized by a significant upregulation in the levels of major myelin proteins, lipids, and cytoskeletal elements, perhaps to drive rapid myelin biogenesis during this period. Several in vitro and in vivo studies have demonstrated a correlation between the levels of major myelin proteins and the extent of myelination (Yang and Skoff, 1997) . For example, in transgenic shiverer mice, increased MBP gene dosage results in an increase in myelination (Popko et al., 1987; Shine et al., 1992) and in PLP chimeric mice, PLP-positive oligodendrocytes show a distinct advantage in myelinating axons over PLP-negative oligodendrocytes (Yool et al., 2001) . Further, a role for axons in modulating the expression of myelin genes was suggested by studies showing a significant elevation of MBP and PLP mRNA when oligodendrocytes were cultured with spinal cord neurons (Macklin et al., 1986 ) and, conversely, reduced expression after axonal transection (Kidd et al., 1990; Scherer et al., 1992) . The present study showing that Erk1 /Erk2-deficient oligodendrocytes failed to sufficiently upregulate the key myelin genes as normally occurs during active myelination (Jordan et al., 1989) suggests that ERK1/ERK2 activation transduces signals for this upregulation. It is possible that ERK1/ERK2 in oligodendrocytes may synergize with other signals to increase the overall strength of the basal signal above a certain threshold, driving the postinitiation burst of myelin biogenesis and radial growth of the sheath. A correlation between myelin thickness and axonal diameter has been observed in adult animals, and it is believed that axon caliber is a critical determinant of myelination and myelin thickness (Hildebrand and Hahn 1978; Hildebrand et al., 1993) . In this study we found that Erk1/Erk2-deficient oligodendrocytes wrapped axons of all diameters equally, but with only a few wraps of compact myelin of similar thickness (ϳ0.1 m). At P16, this thickness was sufficient to reach a correct myelin thickness to axon caliber ratio for the smallest diameter axons (Ͻ1 m) but not for axons of diameters Ͼ1 m. By P30 axons of all diameters in the dKO displayed disproportionately thinner myelin sheaths. This suggests that a basal level of initial myelin wrapping of similar thickness occurs in an ERK1/ERK2-independent manner. It may be that this initial wrapping reflects a "default" mechanism (Rosenberg et al., 2007 (Rosenberg et al., , 2008 Barres, 2008) or one regulated by other signaling molecules. However, subsequent to this initial myelination, assembly of additional myelin lamellae around axons of all diameters requires ERK1/ERK2 activation to reach a correct myelin thickness to axon caliber relationship. Whether global axonal signals, axon caliber-specific signals, or astrocytic signals induce this ERK1/ERK2 activation remains to be established.
ERK1/ERK2 is a point of convergence of multiple external signals (Rubinfeld and Seger, 2005) , most notably of several growth factors expressed by neurons and astrocytes. In vitro studies have shown that growth factors including Neuregulin-1, platelet-derived growth factor, IGF-1, brain-derived neurotrophic factor (BDNF), NT3, and FGF-2 activate ERK1/ERK2 in the oligodendrocyte-lineage cells and therefore can potentially stimulate myelination upstream of ERK1/ERK2 in vivo (Bhat and Zhang, 1996; Kumar et al., 1998; Bansal et al., 2003; Cui and Almazan, 2007; Frederick et al., 2007; Van't Veer et al., 2009) . However, the role of Neuregulin-1 type III in the regulation of CNS myelination is controversial (Roy et al., 2007; Brinkmann et al., 2008; Taveggia et al., 2008) and knock-out mice of other growth factors, such as IGF-1, NT3, and BDNF, have defects in OPC proliferation and differentiation, suggesting that the effects on myelination could be secondary to their effects on oligodendrocyte development (Cellerino et al., 1997; Kahn et al., 1999; Zeger et al., 2007; Vondran et al., 2010) . Interestingly, the phenotype of the FGF receptor-1 and -2 conditional dKO mice most closely mimics that of the Erk1/Erk2 dKOs, both showing an arrest of myelin growth uniquely at a postinitiation late stage of myelination (Furusho et al., 2012) . This suggests that FGFreceptor signaling is at least one of the potential upstream activators of ERKs.
Recent genetic gain-of-function studies have strongly implicated PI3K/Akt/mTOR pathway as an important regulator of myelin growth, since forced activation of this pathway resulted in extensive hypermyelination without affecting oligodendrocyte proliferation, survival, or differentiation (Flores et al., 2008 ; Goebbels et al., 2010; Harrington et al., 2010). Since our genetic loss- Figure 6 . Membrane formation by oligodendrocytes in vitro is inhibited in Erk1/Erk2 dKO. Dissociated primary culture from individual spinal cords of P2 controls (n ϭ 6) and Erk1/Erk2-CNP Cre (n ϭ 7) pups were grown in duplicate in defined media and analyzed at 5, 8, and 13 DIC by immunolabeling for MBP (red) and for the nuclear stain Hoechst (green) to examine the morphology of differentiated oligodendrocytes. Initially, at 5 DIC control (a,c) and dKO oligodendrocytes (b,d) form similar process networks. At 13 DIC, while the control oligodendrocytes have extended large membrane sheaths (e,g), the majority of dKO oligodendrocytes are unable to make membranes but remain viable as evident by the noncondensed nucleus of these cells (f,h, arrowheads). For quantification of the size of the membranes, a total of 100 -150 oligodendrocytes from three independent representative cultures of each genotype were measured at each time point (8 and 13 DIC) (i). To count the numbers of oligodendrocytes that made membrane sheaths, 200 -300 MBP ϩ oligodendrocytes were examined from three independent control and three dKO cultures each (j). Note that membranes made by mutant oligodendrocytes are significantly smaller than controls and fewer mutant MBP of-function studies here have revealed a critical role for ERK1/ ERK2 MAPK pathway also in the control of myelin thickness, and since constitutive activation of Mek, upstream of ERK1/ERK2, in cultured oligodendrocytes was shown to increase MBP expression (Du et al., 2006) , it is clear that signaling via both pathways is involved in this important regulation. Whether they operate independently, controlling different downstream targets and transcription factors, or are interconnected converging on similar targets remains to be determined.
Our studies show that OPC proliferation and differentiation occurred normally and on schedule in the postnatal spinal cord of both the Erk1/Erk2-NG2
Cre and Erk1/Erk2-CNP Cre dKOs. This was unexpected since ERK1/ERK2 are major downstream targets of several growth factors that induce OPC proliferation in vitro and in some cases, also in vivo (Canoll et al., 1996; Kumar et al., 1998; Fruttiger et al., 1999; Baron et al., 2000; Cui and Almazan, 2007; Zeger et al., 2007; Van't Veer et al., 2009) . There are at least two possible explanations for these results. First, other signaling molecules could compensate for the loss of Erks in our mutant mice. For example, in vitro studies show that IGF-1-mediated OPC proliferation requires both ERK and Akt activity (Cui and Almazan, 2007) . Second, the requirement of ERK1/ERK2 for proliferation may be at a stage earlier than the NG2 ϩ stage of the oligodendrocyte lineage (since Erk1/Erk2 deletion in our study occurs in NG2 ϩ or CNP ϩ cells). This is consistent with the observations that when Erk1/Erk2 was deleted embryonically in the neural epithelial cells using Nestin Cre (Imamura et al., 2010) or Olig2
Cre (Newbern et al., 2011) in the brain or spinal cord, respectively, decreased proliferation of uncommitted neuroepithelial cells and OPCs was observed.
The normal onset of oligodendrocyte differentiation observed in Erk1/Erk2-double mutants is also surprising in light of the transient delay in oligodendrocyte differentiation observed in the corpus callosum of Erk2-single mutants (Fyffe-Maricich et al., 2011) , a finding which predicted that Erk1/Erk2-double mutants would have a more dramatic effect on oligodendrocyte differentiation. Furthermore, deletion of B-Raf, upstream of ERK1/ ERK2, using Nestin Cre also showed delayed oligodendrocyte differentiation (Galabova-Kovacs et al., 2008) . It is possible that since in both cases the inactivation of ERK activity was initiated in uncommitted neural precursor cells that give rise to OPCs, astrocytes, and neurons, ERK inactivation from all these cell types may account for the observed effect. It is also possible that as seen for proliferation (above), combined signaling by both ERK1 and ERK2 is significant for neuroepithelial cells and for very early stages of OPC maturation, but becomes less important, perhaps due to compensation by other differentiation signals, once the OPCs have reached the NG2 ϩ stage of maturation. Our interpretation that reduced myelin thickness is not caused by a decrease or delay in the differentiation of oligodendrocytes but by a defect in myelin outgrowth is consistent with our in vitro data, showing that mutant oligodendrocytes in the spinal cord cultures differentiated normally on schedule, acquired the expression of O1 and MBP, and even extended a network of processes, but then either failed to form myelin-like membrane sheets or made sheets of smaller size. It is important to note that although this observation was made in axon-free dissociated cultures, it does not rule out the potential involvement of an extrinsic axonal signal for membrane formation. This is because in culture the extrinsic signals such as growth factors and extracellular-matrix (ECM) or cell-adhesion molecules could be supplied by astrocytes, fibroblasts, or oligodendrocytes (e.g., FGF, IGF-1, ECM), or by the culture media (e.g., IGF-1). While in vivo the same signals could be supplied by axons (e.g., FGF, ECM, IGF-1 etc).
In conclusion, we have identified ERK1/ERK2 signaling as an important regulator of myelin-sheath thickness in the CNS. Collectively, these data support a model in which extracellular signals, possibly from axons, activate ERK1/ERK2 in oligodendrocytes to directly or indirectly target a cohort of genes in myelinating oligodendrocytes that work together to upregulate the major myelin/cytoskeletal proteins above a basal level to promote the assembly and continued wrapping of the myelin sheath, thus increasing myelin thickness. In the future, it will be important to define the upstream and downstream effectors of ERK1/ERK2 and to understand the interplay between ERK1/ERK2 and other signaling networks in the integration of biosynthetic and cytoskeletal pathways that are pivotal for proper CNS myelination.
